High variability in amino acid (AA) content and digestibility among sources of distillers dried grains with solubles (DDGS) create challenges for nutritionists when using it in precision nutrition feeding programs. The objective of this meta-analysis was to develop prediction equations for standardized ileal digestible content (SIDC) of AA in DDGS for poultry. A meta-analysis based on 86 observations from 19 publications was conducted to develop equations for predicting SIDC of AA based on chemical composition in DDGS. A mixed model was used to develop prediction equations for SIDC of AA, and a backward selection of variables was conducted based on chemical composition of DDGS. Each total AA content was the best predictor of SIDC for all indispensable AA. The prediction equations for SIDC of Met and Lys were y = -0.12 + 1.05 × Met (R 2 = 0.899) and y = -0.22 + 0.91 × Lys (R 2 = 0.870), respectively. The prediction equations for SIDC of Met and Lys using data from broiler chick assays were y = -0.16 + 1.12 × Met (R 2 = 0.809) and y = -0.24 + 0.90 × Lys (R 2 = 0.731), respectively, and equations derived from rooster assay data for Met and Lys were y = -0.05 + 0.97 × Met (R 2 = 0.996) and y = -0.20 + 0.97 × Lys (R 2 = 0.982), respectively. For all the prediction equations, the intercept (=0) and slope (=1) were not different (P > 0.10) between predicted and observed SID AA values, indicating high accuracy of the models. In conclusion, equations for predicting SIDC of AA in DDGS were developed and showed that total concentration of each AA was the best predictor of SDIC. These prediction equations can be used by animal nutritionists to more accurately estimate SIDC of AA among DDGS sources in diet formulations for precision poultry nutrition feeding programs.
INTRODUCTION
Distillers dried grains with solubles (DDGS) has been used as a feed ingredient to partially replace corn and soybean meal in poultry diets for decades (Świ atkiewicz and Koreleski, 2008; Wamsley et al., 2013) . However, high variability of nutrient content and standardized ileal digestibility (SID) of amino acids (AA) among sources of DDGS limit accuracy of diet formulation and use of DDGS in poultry diet (Adeola et al., 2016) . More than 30 studies have been conducted since 2006 to determine apparent ileal digestibility (AID) or SID of AA among different sources of DDGS in poultry. However, use of AID and SID values for AA from a single experiment tends to be inaccurate because single experiments have greater sampling error and cannot be applied widely in practice (Tahir and Pesti, 2012a) . In addition, in vivo digestibility experiments are a time-consuming, costly, and labor-C 2018 Poultry Science Association Inc. Received October 12, 2017. Accepted July 12, 2018. 1 Corresponding author: urrio001@umn.edu intensive process, and values only apply to the specific ingredient sources evaluated (Kim et al., 2009; Messad et al., 2016) . Therefore, prediction equations based on chemical composition provide a low-cost, rapid estimation of standardized ileal digestible content (SIDC) of nutrients in feed ingredients from which they were derived, and provide an opportunity to use dynamic and updated SIDC constraints in feed formulations under commercial conditions.
There has been an increasing emphasis on the use of meta-analysis in the animal and veterinary science literature to summarize data acquired through previously published studies. Meta-analysis is especially useful when the results from individual studies are limited because of small sample sizes (Lean et al., 2009) , and allows for integrating data collected from multiple studies to account for experimental effects in statistical models (Messad et al., 2015) . However, no studies have been published that summarize AA digestibility of DDGS, nor have prediction equations been developed for estimating the SIDC of AA of DDGS for poultry. We hypothesized that the SIDC of AA of DDGS for poultry can be accurately predicted with equations developed using published chemical composition and digestibility 4359 data through a meta-analysis. Therefore, the objective of this study was to assemble a dataset with SID essential AA values for DDGS from multiple experiments in poultry, and develop prediction equations for SIDC of AA based on chemical composition.
MATERIALS AND METHODS

Data Source and Search Strategy
A literature search was conducted using PubMed, Scopus, Web of Science, and Google Scholar search engines with the following key words: amino acid, digestibility, apparent ileal digestibility, standardized ileal digestibility, distillers dried grains with solubles, ileum, rooster, broiler, turkey, hen, and poultry. From the initial list of publications acquired, additional publications were identified and obtained by reviewing reference lists provided with these publications. Through this process, a total of 34 publications were identified that reported AA digestibility of DDGS (i.e., corn DDGS, wheat DDGS) in poultry.
Data Inclusion and Exclusion Criteria
Data from the 34 publications were included or excluded from this study based on a series of criteria reported for conducting meta-analysis studies (Sauvant et al., 2008; Lean et al., 2009 ). The following criteria were used to include data from individual studies in the database: (1) determined AA digestibility of DDGS in poultry; (2) reported data on chemical composition (e.g., crude protein and AA content) of DDGS used in each study; (3) reported data on AID and/or SID of AA; and (4) experimental diets contained no exogenous enzymes (e.g., phytase, carbohydrases, and proteases). Abstracts were excluded in this meta-analysis because the necessary data for chemical composition and SID of AA were not reported.
Database Standardization and Development
All chemical composition data for the DDGS sources evaluated in these experiments were converted to 88% DM basis. When DM concentrations were not provided in the publications (6 out of 86 observations), a reference DM value (89.35%) from NRC (1994) was used to standardize DM content. Furthermore, when only AID of AA was reported in a study, estimates of SID of AAs were calculated based on basal endogenous AA losses reported by Ravindran and Hendriks (2004) . Upon completing these processes, a total of 86 observations from 19 studies (Table 1) were used in the meta-analysis. The database included detailed information of each observation, including year published, author names, species, characteristics of the birds used in each experiment, source of DDGS, basal diet composition, procedures used to collect samples (slaughter or 
STATISTICAL ANALYSIS
Statistical Analysis and Model Development
Linear Mixed Model Chemical compositions of each DDGS source, including crude protein, ash, ether extract, crude fiber, acid detergent fiber (ADF), neutral detergent fiber (NDF), and essential AA, were tested as predictors to develop prediction equations for SIDC of AA in the following model reported by Sauvant et al. (2008) :
where Y ij is the dependent variable in ith study with jth treatment, B 0 is the overall intercept across the entire study (fixed effect), S i is the random effect of the ith study, B 1 is the overall regression coefficient of Y on X, X ij is the value of the continuous predictor variable, b i is the random effect of study on the regression coefficient of Y on X, and e ij is the unexplained residual error. The pooled standard error from these studies was used as weighting factor in the linear mixed model. A backward selection of predictors was conducted using the REG procedure in SAS (version 9.4; SAS Institute, Cary, NC) according to the procedures described by Zeng et al. (2017) in which significant predictors were kept in the models while non-significant were removed from the models. Model Evaluation To evaluate the precision and accuracy of the equations, the prediction error (PE) and prediction bias (PB) were calculated, respectively:
where y i is the observed value for the ith observation, y ij is the ith predicted value for the jth observation. The internal validation was conducted by comparing the observed Y with the predicted Y.
RESULTS AND DISCUSSION
Reliable values for the nutrient content and digestibility of feed ingredients are essential to create more precise diet formulations (Salim et al., 2010) . However, AA content and digestibility vary considerably among sources of DDGS (Liu, 2011) . In vivo determinations of SIDC of AA is costly, time consuming, and impractical for feed companies to obtain accurate estimates of the DDGS sources being used in feed formulations (Messad et al., 2015) . Prediction of energy and digestible nutrient content of a feed ingredient based on chemical composition can be a useful and practical method for obtaining accurate nutritional values to use in feed formulation, and several prediction equations for various ingredients and complete feeds have been published (Waldroup et al., 2007; Ebadi et al., 2011) . However, no prediction equations for SIDC of AA in DDGS for poultry have been reported. In this metaanalysis, we developed prediction equations for SIDC of AA in DDGS for poultry with data derived from 19 studies published between 2006 and 2015.
The database contained a total of 86 observations of which the majority were measured using broiler chick assays (n = 44), followed by rooster assays (n = 30), with fewer data available for hens (n = 7), and turkeys (n = 5). Corn is the most common cereal grain used to produce ethanol, and this was reflected in the large number of corn DDGS samples (n = 75) included in the dataset, followed by wheat DDGS (n = 9), a wheat-corn DDGS blend (n = 1), and an undefined DDGS source (n = 1, Table 2 ).
For all sources of DDGS, high coefficients of variation (CV) were observed for chemical composition (4.74 to 36.31%) and SID of AA (8.71 to 20.98%), which indicates large variability among DDGS sources (Tables  2 and 3) , and these results are consistent with those in previous reports (Belyea et al., 2004; Liu, 2011) . The CVs of each AA content for corn-DDGS ranged from 11.16 to 19.92% and for wheat-DDGS from 3.05 to 16.37%. Lys was the most variable AA in both corn-(CV = 19.92%) and wheat-DDGS (CV = 16.37%) and was consistent with previously reported studies (Spiehs et al., 2002; Han and Liu, 2010) . Several factors affect the nutritional and physical characteristics of DDGS and are responsible for high variability of nutrient composition, including a number of raw material composition and processing factors (Olentine, 1986) . The type of grain, grain variety, and grain quality contribute to the variability of nutrient concentrations in the grain sources, which subsequently affect the nutrient composition of DDGS (Cromwell et al., 2000) .
Other processing factors also affect composition of DDGS. For example, the proportion of condensed distillers solubles added to the coarse grain fraction before drying also greatly influences its nutritional value (Martinez-Amezcua et al., 2007) . Temperature and duration during cooking, fermentation, and drying, along with the efficiency of converting starch to ethanol, all contribute to variability in nutrient composition of DDGS resulting from production processes (Olentine, 1986) . Specific to Lys, if excessive heating is used during the production of DDGS, the Lys to CP ratio is reduced (Stein, 2007; Świ atkiewicz and Koreleski, 2008) , because the damaged lysine cannot be hydrolyzed during analysis. In addition, color (Adedokun et al., 2009) and oil content (Dozier et al., 2015) of DDGS sources may also contribute to large variation in AA digestibility values of DDGS.
In this meta-analysis, data for corn-DDGS were obtained from 19 studies and as many as 86 sources, which may explain the much greater variability among sources than reported in individual studies (Belyea et al., 2004; Dozier et al., 2015) . Because of the limited data from wheat-corn DDGS and the undefined DDGS source (n = 1), these data were excluded from the overall chemical composition and SID of AA summary. Olukosi and Adebiyi (2013) summarized the variability in the chemical composition of corn-and wheat-DDGS from 62 sources, but provided no statistical analysis. Their results showed that wheat-DDGS appeared to have a greater CP content than corn-DDGS (27.9 vs. 38.1%), which is consistent with the results of our study (27.16 vs. 36 .16%). Our results also showed a greater ADF and NDF content in wheat-DDGS compared with corn-DDGS (P < 0.05), which agrees with the results reported by Zeng et al. (2017) . Wheat-DDGS had higher (P < 0.05) content of Arg, His, Ile, Phe, Thr, Trp, Val, and Cys but lower (P < 0.05) Leu content than corn-DDGS. Methionine and Lys are the first and second limiting AA for poultry, respectively, and were not different between corn-and wheat-DDGS sources. Because wheat grain has a greater concentration of Arg, His, Ile, Phe, Thr, Trp, and Val, but lower concentration of Leu (Ravindran et al., 2005; Huang et al., 2007) , our results confirm that AA values for DDGS are primarily affected by the AA content of the grain sources from which they were derived (Fontaine et al., 2007) . In addition, because DDGS is a coproduct of ethanol production that uses yeast to ferment starch to ethanol, it contains yeast biomass which contributes to a portion of the total AA content of DDGS (Belyea et al., 2004) . Han and Liu (2010) used a multiple linear regression model to estimate that the contribution of yeast to the total crude protein in DDGS was about 20%. Therefore, the AA composition in DDGS may also be affected by the relative contribution of yeast protein to total DDGS protein.
The SID of AA in DDGS from all sources ranged from 61.90 to 84.46%, with Trp having the greatest SID, and Lys having the lowest SID value. Furthermore, SID of Lys was the most variable (n = 84; CV = 20.98%) among SID of all AA, which is consistent with previous reports (Pahm et al., 2009; Kim et al., 2012b) . Except for Phe and Trp, all of the SID of AA in wheat DDGS were significantly less than those in corn DDGS (P < 0.05), especially for Lys (48.65 vs. 62.98%). Oryschak et al. (2010) compared AID of AA between corn-and wheat-DDGS sources and reported similar results showing that AID coefficients for Arg, His, Ile, Leu, and Lys were greater, and coefficients for Thr and Val tended to be greater, in corn-DDGS compared with wheat-DDGS. Blok and Dekker (2017) reported SID of AA in feedstuffs for poultry, which including 16 corn-DDGS and 8 wheat-DDGS observation. Compared to their database, most of the values were similar but we have more observations included and developed prediction equations for SID of AA. The SIDC of AA was calculated based on SID and AA content in DDGS as shown in Table 3 . Similarly, SIDC of Lys was the most variable ranging from 0.16 to 0.84%, regardless of the grain source.
There was a linear relationship between total AA content and SIDC of each AA, where a greater concentration of total AA resulted in a greater concentration of SIDC of AA (Table 4) . Likewise, Tahir and Pesti (2012a) studied the relationship between AA concentration and digestibility with 20 common poultry feed ingredients, and showed that digestibility increases with increasing AA concentration in the ingredients. The reasons for this increment are not clearly defined, but can be attributed to greater AA digestibility, greater absorption, or less proportional excretion of endogenous losses. All SIDC prediction equations in the present study use the total concentration of each specific AA as the best predictor, which resulted in a linear relationship between AA content and SIDC of AA that varied from 0.77 to 1.05 (P < 0.01).
Except for Arg, Ile, Phe, and Val, negative intercepts with statistical significance were observed in prediction equations for all other AA (P < 0.05). There are two potential explanations for observing negative intercepts in the regressions of digestible AA. During the production of DDGS, the drying process involves using relatively high temperatures, which may be greater than 500
• C at the dryer inlet, and may be above 100
• C at the dryer discharge (Almeida et al., 2013) . Application of heat to feed ingredients may cause Maillard reaction, and subsequently decrease the concentration and digestibility of AA (Parsons et al., 1992; Fastinger et al., 2006) . As a result, the effect of Maillard reaction on AA digestibility may have resulted in negative intercepts in most of the prediction models. Specifically, due to high susceptibility to heat damage, Lys content and digestibility are the major concerns related to the use of DDGS as a feed ingredient for pigs and poultry (Świ atkiewicz and Koreleski, 2008) . Maillard reactions cause a portion of Lys to bind to reducing sugars, which is called unreactive Lys. This unreactive Lys is biological unavailable to animals (Fontaine et al., 2007) . Kim et al. (2012a) observed improved accuracy of prediction equations for digestible Lys in pigs when the concentration of reactive Lys (not bound to reducing sugars) was used rather than the concentration of analyzed Lys. However, because very few studies reported reactive Lys content of DDGS sources in the database we developed for this meta-analysis, we were not able to develop prediction equation based on reactive Lys. The ADF and NDF content in feed ingredients has been observed to negatively affect AA digestibility (Zeng et al., 2017 ). Another explanation for the observed negative intercepts of prediction equations in the current study is that because of limited ADF and NDF data reported, these two variables were not included in the model and their effects were reflected as part of the negative intercepts.
The models developed in the current study had low root mean square error (0.009 to 0.358) and high R 2 , which explained 83.5 to 99.5% of the variation. The mean radius (half the width) of the 95% confidence interval for the mean SID AA prediction varied from 0.007 to 0.12 for all AA. The results of model evaluation showed that the slope and intercept, representing linear bias and mean bias, respectively, were not significantly different from 0 and 1 (P > 0.1) for all AA (Table 5 ). This indicates that the equations we developed showed high reliability for predicting SID AA of DDGS for poultry (Zeng et al., 2017) . The internal validation of the models also showed high accuracy of the predicted values when compared to observed values (Table 6 ).
The relatively high fiber concentration in DDGS is considered to be a factor that reduces AA digestibility in DDGS (Urriola and Stein, 2010) . Dietary fiber increases endogenous nutrient losses and the rate of digesta passage in the gastrointestinal tract (Souffrant, 2001) . However, neither ADF nor NDF content were observed to be significant predictors in the models for estimating the SIDC of AA in DDGS for poultry. In a recent meta-analysis study to develop prediction equations for SIDC of AA in DDGS for pigs, ADF and NDF content were negatively correlated to SIDC content of AA (Zeng et al., 2017) . This may have been due to the lack of NDF (44 out of 86) and ADF (63 out of 86) concentrations reported in the studies used to develop the database for our study, which resulted in minimal effects of fiber measures on digestibility of AA in the models. In addition, it may be that the effect of fiber on SIDC of AA in poultry is not as important as it is for pigs. Martinez-Amezcua et al. (2007) reduced total dietary fiber content in conventional DDGS samples from 36 to 25% by using new processing technologies that removed the fiber portion of DDGS by elution. However, the removal of fiber did not have a substantial effect on the digestibility of AA for poultry. These results suggest that within a certain range of fiber content, fiber does not appear to have a substantial effect on AA digestibility of DDGS in poultry. When determining AA digestibility of feed ingredients for poultry, the two most widely used methods are the precision-fed cecectomized rooster assay (PFR) and the standardized ileal AA digestibility chick assay (SIAAD) using 3-wk-old broilers (Parsons et al., 1982; Lemme et al., 2004) . Kim et al. (2011 Kim et al. ( , 2012b compared AA digestibility of DDGS for poultry determined using PFR and SIAAD, and indicated that there were differences in estimates among the 2 methods in some instances, but differences were not consistent among the 3 DDGS samples evaluated. However, when differences did occur, the SIAAD yielded significantly greater digestibility values than PFR. The SID of AA of DDGS sources has been compared among broilers, laying hens, and cecectomized roosters (Adedokun et al., 2009) , and between broilers and laying hens (Adedokun et al., 2015) . Results from these studies showed that the SID values for most AA when was fed to broilers and cecectomised roosters were not different, but the SID of Arg, His, and Ile were greater in broilers compared with roosters for light colored DDGS samples. In addition, laying hens had lower SID for most AA in DDGS than broilers and roosters. In contrast, Tahir and Pesti (2012a) showed that the percentage of digestible AA among 20 common ingredients fed to poultry averaged 14.4% greater when using values obtained from cecectomized roosters compared with broilers. Differences in feed cost from using digestible AA values from different assays also exist, with a higher cost for using values from broiler chick assays than those derived from rooster assays (Tahir and Pesti, 2012b) .
Although the results of comparing differences of SID of AA between rooster and chick assays were inconsistent, we developed prediction equations specific to using the PFR method with roosters and the SIAAD method with broiler chicks (Table 7) . Due to the limited data available, we were not able to develop prediction equation separately for laying hens and turkeys. In general, it is accepted that nutrient digestibility does not differ between species of birds, and AA digestibility values from trials with roosters are widely used to formulate diets for broilers, laying hens, and turkeys (Tahir and Pesti, 2012a) . Therefore, the prediction equations generated with rooster and broilers can also be used for laying hens and turkeys. But it is necessary to keep the source of the digestible AA database consistent when nutritionists formulate diets. For example, if AA digestibility values for soybean meal and other main ingredients are obtained from a database established using PRF assays, then estimation of AA digestibility of DDGS should be based on equations developed using data from PRF assays. Likewise, if the digestible AA values for other ingredients are obtained from a database established using SIAAD, then estimation of AA digestibility of DDGS should use equations developed using data derived from the same assay.
Prediction equations for apparent metabolizable energy and total metabolism energy of corn-DDGS based on nutrient composition have been developed for poultry (Batal and Dale 2006; Meloche et al., 2014) . The results of the present study indicate that the total AA content in prediction equations can accurately estimate SIDC of AA in DDGS. Therefore, the combined use of equations that predict SIDC of AA, along with equations that predict apparent metabolizable energy (Meloche et al., 2014) in DDGS can greatly improve our ability to dynamically estimate the metabolic energy and SID AA content of DDGS varying in nutrient content and achieve precision nutrition in poultry when feeding diets containing DDGS.
In conclusion, prediction equations for SIDC of AA were developed, with total AA content of each essential AA as the best predictor. Neither NDF nor ADF affected the SIDC of AA in poultry. These equations can be used by poultry nutritionists to more accurately predict digestible AA content in various sources of DDGS to improve accuracy of formulating DDGS diets for precision nutrition in poultry.
